Epstein-Barr virus (EBV) is
pstein Barr virus (EBV) is known to latently infect human hosts and to immortalize host cells. EBV is associated with several lymphoid and epithelial cancers including Burkitt's lymphoma (BL) and nasopharyngeal carcinoma (NPC) (1) . Primary EBV infection is believed to take place in the oral cavity, where EBV infects epithelial cells, spreads to lymphoid tissue, and infects Blymphocytes (2) . A portion of these B lymphocytes undergo immortalization by EBV, which leaves the infected host with a reservoir of latently infected B lymphocyte clones. Although normal immunocompetent hosts rarely develop EBV-associated lymphomas, in the setting of congenital or acquired immunodeficiency, these EBV immortalized B cells may give rise to lymphoproliferative disorders or lymphomas. The property of EBV that directly links the virus to these lymphomas is its ability to establish latent infection and immortalize lymphocytes to continuously proliferating lymphoblastoid cell lines (LCLs) (3, 4) . Although the molecular events involved in B cell immortalization are not fully understood, the process involves recruitment of cellular genes by EBV to mediate transforming events (5) (6) (7) (8) . The mechanism of EBVmediated carcinogenesis in epithelial cells is less clear, however, the process involves activation of cellular genes, as well (9) . In addition, specific EBV ϩ malignancies are associated with distinct patterns of viral gene expression (latency type I, II, or III and in some cases lytic genes, as well), EBNA1 is consistently expressed in all EBV cancers (10) . EBNA1 localizes to the nucleus and interacts with the chromosomes (11) . EBNA1 forms a homodimer and binds to the EBV genome (12) at specific sequences located in the latent origin of replication (OriP) (13) . As a DNA binding protein, EBNA1 cross-links the EBV episomal genome to the cellular chromosomes, thus providing a distribution mechanism and maintaining the constant copy number of EBV episomal genomes during cell divisions (11, 14) . EBNA1 binds the dyad symmetry (DS) repeats at the OriP, and this interaction partially denatures the EBV DNA strands required for the EBV episomal replication (13, 15) . In addition to episomal maintenance and replication, EBNA1 is a transcription factor that mediates the expression of other latent viral genes, including EBNA2 and the latent membrane protein 1 (LMP1) (16) . EBNA1 executes its transcription activity through binding to the family of repeats (FR), a segment of the OriP, which functions as a transcription enhancer (16, 17) . Given the multiple functions of EBNA1 in episomal maintenance, replication, and transcription, it represents a key molecule for maintenance of latent EBV infection. Furthermore, genetic analysis has shown that EBNA1 expression is an absolute requirement for B cell transformation (18) . Interestingly, B cell-specific expression of EBNA1 in a transgenic mouse model resulted in the appearance of B cell lymphoma in some of these mice, suggesting that EBNA1 by itself might be oncogenic (7) .
For the past three decades, many investigators have studied the impact of EBV or specific EBV-encoded genes on cellular gene expression using a variety of gene transfer and subtractive hybridization techniques. These studies have confirmed that EBV recruits cellular growth-regulatory and antiapoptotic genes to mediate transformation (8, 19, 20) . Recently gene array technology enables us to follow changes in gene expression patterns of an extensive number of known or unknown genes.
In the present work, we used cDNA-microarray analysis to study differential cellular gene expression in the presence or absence of constitutively expressed EBNA1 in the BJAB BL and the 293 epithelial cell lines. Examination of the genes regulated in the presence of EBNA1 revealed little similarity between the two cell lines. These results suggest that the effect of EBNA1 on cellular gene expression is highly tissue specific. We have demonstrated that EBNA1 directly binds cellular promoters and induces changes in gene expression from some genes that are under these bounded promoters (21) (22) (23) . Other studies confirmed our finding that EBNA1 regulates cell expression in NPC (9, 24) . However, comparison with our data reveals very little similarity, which might be due to EBNA1 affecting cellular gene expression in a tissue specific manner. We have explored the ability of EBNA1 to bind to cellular promoters using Chromatin Immuno-precipitation hybridized to a human promoter array (ChIP-chip). We report here on a genome wide scale of EBNA1 interaction with the host promoters. Sequence analysis of the promoters that were engaged by EBNA1 has revealed a DNA motif. Furthermore, we have overlapped the ChIP-chip data with Exon array data to distinguish between sequence motifs in down-regulated gene promoter and in upregulated gene promoters.
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Results
Microarray Profiles for EBNA1-Positive and EBNA1-Negative 293 and BJAB Cell Lines. We have used the human B cell line and the epithelial cell line, BJAB and 293, respectively, which have been stably transfected to constitutively express EBNA1, to identify cellular genes that may be regulated by EBNA1. Using microarray analysis (see SI Text), the gene array profiles of the EBNA1-expressing BJAB/EBNA1 and 293/EBNA1 were compared to their EBNA1-negative counterpart cell lines, respectively. Analysis of the BJAB and 293 cell lines stably transfected with EBNA1 revealed cellular genes that are constitutively up-regulated or down-regulated in the presence of EBNA1. The array data are arranged in tables showing average ratio between scores from the EBNA1 transfected cell line over its counterpart cell line (Tables 1-4) . Each gene appears with its HUGO name, its chromosomal location, and UniGene cluster number.
We have identified numerous genes that had different expression levels in BJAB and BJAB/EBNA1, as displayed in Table 1 (upregulated) and Table 2 (down-regulated). These genes were classified into functionally related groups. Among the up-regulated genes, we have identified genes that are involved in interactions with nucleic acids, including transcriptional regulation. The protein products for most of these transcription factor genes possess ''Zinc finger'' domains and are associated with cellular growth. Other up-regulated genes function in cellular migration or energy usage. In Table 2 we have listed the group of the down-regulated genes. Within this we have identified genes that are involved in immunosurveillance and cellular growth.
Similar analysis was carried out for the 293/EBNA1 versus the 293 cell lines. However, examination of the microarray data revealed genes that were distinct from those identified in the BJAB cell lines. Among the genes that were up-regulated in 293, we identified genes involved in cellular growth, DNA stability, and immunity (Table 3 ). Among the genes that were down-regulated by EBNA1 in 293, we identified genes involved in cellular growth and cellular transport ( Table 4) .
Examination of the chromosomal locations for the affected genes in BJAB and 293 cell lines revealed little similarity. Interestingly, this microarray analysis revealed only one gene that was regulated in the presence of EBNA1 in both 293 and BJAB cell lines. We have found that expression of the MYC oncogene was decreased 2-fold in both 293 and BJAB cell lines in the presence of EBNA1. This is an unexpected finding because MYC regulation has not been attributed previously to the expression of EBNA1 (6). To verify these gene lists, we examined several of the genes by QRT-PCR. QRT-PCR is an amplification based process that is more sensitive and quantitative than the microarray analysis, which depends on a rate limiting step of hybridization to a solid matrix. Because QRT-PCR improves our ability to detect changes in gene expression, we examined expression of selected genes in both cell lines, although these genes were initially detected by microarray in one cell line only. We selected 10 genes from either the BJAB or the 293 genes' lists and included genes that were up-regulated or down-regulated by EBNA1. In addition, we used QRT-PCR to verify that EBNA1 is expressed only in the EBNA1 ϩ samples. As an internal control we examined the MAPK1 gene, which according to the microarray data, was not affected by EBNA1, and thus should generate equal amounts of PCR product regardless of EBNA1 presence. Table S1 summarizes the results from the QRT-PCR analysis as proportion of ratios. A ratio for each gene expressed in EBNA1-positive cell line to its EBNA1-negative cell line is normalized to the ratio of MAPK1 expression in EBNA1-positive cell line and EBNA1-negative cell line. Thus, scores Ͻ1 indicate down-regulation and Ͼ1 indicate up-regulation of gene expression. Interestingly, the MYC gene was down-regulated in the presence of EBNA1 in both cell lines, confirming the microarray analysis. Moreover, altered expression of the 10 selected genes from the microarray analysis was confirmed by QRT-PCR (indicated by arrows in Table S1 ). In addition, the QRT-PCR revealed altered expression of some genes in the other cell line, as well (e.g., H4FG, OAS1, CENPE, etc.). Seven of the selected genes demonstrated similar regulation in both cell lines, suggesting an EBNA1-specific effect. Three genes demonstrated opposite regulation in BJAB and 293 cell lines, suggesting tissue specific effects.
To conclude, the QRT-PCR analysis confirmed the expression of the genes initially found by microarray analysis. Moreover, the higher resolution of the QRT-PCR revealed gene expression changes in both of the cell lines even where microarray analysis failed to detect them.
Chromatin Immuno-Precipitation Analysis on Hu-Promoter Array Reveals
Wide Genome Engagement of Cellular Promoter by EBNA1. EBNA1 is a DNA binding protein, which was well documented to bind EBV DNA sequences and orchestrate EBV gene expression by engaging EBV promoters. After the microarray studies we wondered whether we can find a direct interaction of EBNA1 with cellular promoters that may contribute to the changes in gene expression patterns, which we found. Indeed, ChIP-chip analysis clearly showed that certain cellular promoter regions were bound to EBNA1 (Table S2 shows a selected list of these promoters). By performing QRT-PCR analysis on the ChIP DNA samples that were used for the ChIP-chip, we have confirmed most of our findings. Out of the 26 promoters that we have tested, a majority of 20 promoters, (shown in bold) were successfully confirmed by QRT-PCR, while six (shown in italic) were not. Considering the technical differences in comparing ChIP-chip analysis to ChIP-QRT-PCR analysis, we have overall verified at least 77% of the promoters bound by EBNA1 to be true positive scores. Focusing on the top high scored promoters on the hit list, we have verified 19 out of the first 20 promoters (95%). A closer examination of two representatives from Table S2 is shown in Fig. S1 . Melting curve analysis and agarose gel fractionation are shown for the promoters of CHUK and MUC1, for three independent repetitions. Both melting curves represent specific amplicon identical to EBNA1 positive or negative cell lines. However, these amplicons are enriched in the EBNA1 positive cell lines, as shown by the peak level on the melting curves and by the band intensity on agarose gel. Subsequently, we examined the fold change enrichment for several promoters including CHUK, MUC13, and OPN4 from Table S2 and few promoters of genes from Table 1 (Fig. 1) . Nevertheless, not all of the genes that were affected by EBNA1 showed an enrichment change by QRT-PCR for their promoters. Hence, the change in the expression of these genes might be mediated by other genes that were affected by EBNA1, or EBNA1 was bound to a remote sequence that may affect the requirement of transcription factors to these promoters. Fig. S2 provides the integrated genomic view (IGB) of the four promoters on the left side of Fig. 1 with three other selected promoters, among them was the ␤ actin promoter, which was used to validate enrichment measured by QRT-PCR. The latter three promoters have shown no signal in IGB and had no enrichment change as was measured by both ChIP-chip and QRT-PCR.
Analysis of DNA Sequences from Cellular Promoter Bound to EBNA1
Reveals a Motif. To examine whether EBNA1 has a specific DNA binding sequence within the engaged cellular promoters, we have examined the 50 strongest hits from the four ChIP-chip array data. Weeder analysis has identified consensus sequences for each array separately and then through multiple alignments using STAMP we have generated a common match eight base pairs sequence. This consensus sequence has no exact match to any of the currently recognized transcription factors' motives (Fig. 2) . Interestingly, this motif differs from the EBNA1 recognition sequence documented for its interactions with the DNA of the EBV genome. DNA sequence alignment analysis of the sequence to the viral recognition site confirms the two sequences to have no similarity (13) . Subsequently, we have wondered how many promoters contain any of the four consensus sequences that were identified and how many promoters had more than one of the sequences in their promoters. The 100 strongest hits of the arrays were subjected to this examination and the results are presented as a Venn diagram of the four motifs (Fig. 3) . We have found that each motif was found in 60-90 of the 100 promoters. In addition, most of these promoters had more than one type of the identified sequences and 41 promoters had all four consensus sequences.
Still, the identification of the motif did not provide us with information regarding the direction in gene expression regulation, influenced by EBNA1. To identify EBNA1 binding sequences, which are associated with down-regulation or with the upregulation of cellular genes, we had to relate the ChIP-chip data to the microarray data and to group the EBNA1 bounded sequences in up-regulated or down-regulated separated groups. However, our cDNA microarray array was not well annotated and covered only one third of the currently known genes. Therefore, we have repeated the microarray analysis using the advanced Human Exon array platform, which covers all currently annotated genes. Whole transcript extracts were obtained from three biological replicates of BJAB and BJAB/EBNA1cell lines. These extracts were hybridized to the GeneChip Human Exon 1.0 ST Array (Affymetrix). A gene list of cellular genes that had at least 2-fold changes between BJAB to BJAB/EBNA1 was generated (Partek Genomic). This gene list was separated into two lists of up-regulated and down-regulated genes. An overlap between each of the gene lists and the ChIP-chip data list have identified 37 promoters for up-regulated genes that Table S2 (marked by * ). The four enriched promoters on the right represent genes that were found to be up-regulated by EBNA1 (Table  1) . QR-PCR data were process according to the equation: Fold Change ϭ 2 -(experimental CT-reference CT)-(control CT-reference CT) . Cycle threshold (CT) values were obtained from the PCR quantification sigmoid curves. The beta-Actin gene was used as the reference gene for the analysis of each depicted gene. EBNA1 expressing and nonexpressing ChIP samples are represented as ''experimental'' and ''control,'' respectively. Fig. 2 . Venn diagram analysis of the 100 most enriched ChIP-chip sequences for the presence of the four EBNA1binding sequences demonstrates the presence of more than one of these sequences in the EBNA1 bound promoters. The DNA sequences from the 50 regions with the greatest fold enrichment for each chipset were analyzed using the Weeder motif detection software to identify overrepresented motifs using default normal scan parameters except that both strands were examined with allowance for more than one motif occurrence per sequence. Two motifs were detected using the first slide of the Promoter array, and three motifs were detected using the second slide. Four of the five motifs shared a common ATACT sequence, and these were clustered together using the STAMP program to generate a consensus binding site. The four similar motifs were also used to scan the combined set of the 100 sequences with the greatest fold enrichment using the POSSUM software with default parameters except that the score threshold was set to 4. Numbers in brackets represents the number of promoters, of the 100 tested, which contain that sequence. Fig. 3 . A consensuses sequence motif for EBNA1 binding to cellular promoters. Weeder motif detection was performed on 50 DNA sequences, which had the greatest fold enrichment in the ChIP-chip studies. The four similar sequences that were identified were subjected to multiple alignments using STAMP to generate the position weight matrix.
were bound by EBNA1 and 39 promoters for down-regulated genes. Separated sequence analysis for the two groups of promoters was repeated and two sequence motives were identified (Fig. 4) .
Discussion
The development of EBV-associated lymphoma is related to B cell transformation after latent infection by EBV (3, 4) . In contrast, the role of EBV in EBV-associated NPC is less clear. All EBVassociated tumors express EBNA1, one of several EBV genes that might have oncogenic properties, as demonstrated by the appearance of spontaneous lymphoma in an EBNA1 transgenic mouse model (7), and by the absolute requirement for EBNA1 expression to enforce cellular immortalization (18) . Because EBNA1 is a known transcriptional factor that is critical for the expression of other EBV latent genes, we suggested that EBNA1 may regulate or alters cellular gene expression, as well (21, 22) .
Using cDNA microarrays we compared cellular gene expression profiles in EBNA1-positive and EBNA1-negative B cell and epithelial-derived cell lines. We have shown that EBNA1 expression impacts on the cellular gene expression profiles. EBNA1 regulates cellular genes from different chromosomes and from different locations on each chromosome. The difference in gene expression profiles in 293 and BJAB demonstrated a tissue-specific effect of EBNA1 on cellular gene expression. These microarray results were verified by QRT-PCR analysis of several regulated genes. In addition, the QRT-PCR analysis potentially revealed EBNA1-specific gene expression effects, as well. We have divided the affected genes into up-regulated and down-regulated genes and subdivided them into functionally related groups. Our attempts to functionally classify the genes revealed that various genes associated with cellular growth are regulated in BJAB and 293 cell lines (Tables 1-4 ). In addition, some of these genes have never before been reported to be regulated by EBV. We have conducted a bioinformation survey to speculate on the role and molecular characteristics of these genes.
An examination of the BJAB up-regulated growth related sub division indicates that it consists of genes involved in cell proliferation. Interestingly, most of these genes are known to directly interact with nucleic acids and their majority possesses a ''Zinc finger'' motif: CNBP, CREB5, ZFP36L1, EGR1, EGR3. Nevertheless, the growth regulatory effect of EBNA1 in BJAB cells may mediate a balance between reducing the apoptotic threshold while supporting cellular proliferation (Tables 1 and 2 ). In addition to the growth regulating genes, we identified immunity-related genes in BJAB that were down-regulated. OAS1, ISG15, and IFI44L were reported to be a part of antiviral cellular defense system, which inhibits viral expansion (29, 30) (Table 2 ). EBNA1 also up-regulates BJAB genes that are involved in cellular migration (Table 1) . Interestingly, the chemokine CCL18 was reported to direct B cells into lymph nodes (31) .
In comparison with BJAB, the impact of EBNA1 on 293 results in expression changes in different genes. Like in BJAB there is a reduction of MYC, but there is also induction of other genes associated with growth: CCND1, TMSNB, and TMSB4X (Table 3 ). Other up-regulated genes in 293 cells are associated with DNA stabilization and immunity (Table 3) . Interestingly, H2AFX, a DNA stabilizing gene, has been reported to reduce DNA translocations (32) , common in EBV related lymphomas but not in NPC. There are observations of chromosomal abnormalities in NPC, which are not translocations but rather chromosomal deletions detected on multiple chromosomes (33) . As for the induction of genes related to immunity, this usually reflects cellular defense mechanisms to intercept infection. However, the recruitment of the immune system to the site of infection might also benefit EBV by providing an opportunity for the virus to encounter and infect B cells. For example, CD9 is known to enhance cellular adhesion and membrane fusion that promotes viral infection (34) and its level was found here to be elevated (Table 3) .
The current working hypothesis for EBV infection suggests that epithelial cells from the oral cavity are the primary site of infection (2) . EBV infection of epithelial cells is a transient state from which EBV expands into local B cells. It is through this infection that immortal B cell clones are generated and maintained at latency type I, with the potential to develop into lymphomas. Our current findings indicate that there is a difference between the BJAB and 293 cell lines in their response to the expression of EBNA1. More up-regulation of genes related to an increase in cellular growth and reduction of apoptosis was found in BJAB/EBNA1, in comparison to 293/EBNA1. Genes related to immunity were up-regulated in 293/EBNA1, while in BJAB/EBNA1 gene associated with immunity were down-regulated. Further studies are necessary to elucidate the reason(s) for these differences in gene expression. Needless to say that it is premature to suggest that these genes have an impact on EBV infection shifting from epithelial cell into B cell, or that B cell is a preferred host for EBV than epithelial cell. The effect of EBNA1 stable expression on cellular gene expression in carcinoma cell lines was examined by Wood et al. (9) . Intriguingly, the genes reported to be regulated in that report did not appear in our lists. Assuming minor technical differences, this may support our hypothesis that EBNA1 affects cellular gene expression in a tissue or cell specific manner.
The ability of EBNA1 to affect cellular gene expression could be possibly achieved by two routes. The indirect route, in which, cellular gene expression changes are the result of network interactions of EBNA1 with cellular proteins, which may regulate gene expression. The other option is the direct affect route, in which EBNA1 exerts its viral transcription ability to engage cellular promoters too. Although the first route of activity was extensively studied, the latter has only recently been suggested to exist (23, 24, 35) . The rational to look for EBNA1 interaction with the cellular DNA was based on the following evidences: EBNA1 has the ability to bind DNA directly; EBNA1 is a transcriptional factor with a specific recognition sequence in the EBV genome; during latency EBV is maintained in a low copy number in the nucleus of the host, thus, EBNA1 encounters in the nucleus mainly cellular DNA molecules. These assumptions have been proven realistic by ChIPchip analysis, which provided us with numerous cellular promoter sequences being bound by EBNA1 (Table S2) . However, DNA binding by itself does not confer direct regulation of gene expression by EBNA1. It was the finding of enrichment of cellular promoter sequences in the ChIP DNA samples for genes that their mRNA level was regulated by EBNA1 (Fig. 1) as was found by the microarray analysis (Table 1) . Our studies (21, 22) and other studies (9, 24) have demonstrated the interference of EBNA1 with cellular genetics. Although other studies focused on the AP-1pathway in NPC (24) our studies examined the whole cellular genome interaction with EBNA1, primarily in Burkitt's lymphoma background. In addition, our motif sequence analysis was not based on the assumption that EBNA1 cellular DNA binding should be a derivative of the EBNA1 binding site located at the OriP region in the EBV genome (35) .
The identification of EBNA1 binding motives (Figs. 2-4 ) in cellular promoters, which differ from the EBV sequence bound by EBNA1 represents an interesting evolutionary paradigm. During its parasitic evolution EBV had to coevolve with its human hosts, and to adapt changes that will increase its survival fitness. Numerous viruses and other parasites had developed a silent modus operandi to evade immune-surveillance. EBV infects almost all human populations and resides latent in its host, primarily in a portion of B lymphocytes. In this type of latency (type I) EBNA1 is the only protein expressed from the EBV genome. EBNA1 was previously regarded as solely a key element in EBV genetics (gene expression, genome replication, and maintenance). The ability of EBNA1 to tamper and modify gene expression of the infected host is an example of high level of pathogen adaption to its host. Although EBNA1 cellular activities might be beneficial for EBV infection, still EBNA1 has to be available for the direct interaction with the EBV genome. This might be problematic to EBV survival because most of the DNA molecules, which EBNA1 encounter in the nucleus are not of EBV origin but cellular ones. This problem could be possibly solved in three ways: higher affinity of EBNA1 toward the EBV DNA sequences than toward the cellular DNA sequences, use of multiple EBNA1 binding sequences in key EBV elements (like the numerous EBNA1 binding domain in the OriP), or use of both of the solutions together, which results in high avidity toward the EBV genome.
Materials and Methods
ChIP-Chip Hybridization to Human Promoter Array. ChIP was performed as was described in ref. 26 . To obtain the EBNA1-DNA complexes we have purchased the anti EBNA1 antibody OT1x (Cyto-Barr), which was described to obtain ChIP of EBNA1 complexes with the OriP of the Epstein-Barr virus (27) . Two replicates of ChIP with their controls (EBNA1 nonexpressing) samples were labeled and hybridized to a human promoter tiling chip set (Nimblegen Systems). The two-chip promoter set was based on the HG17 May 2004 human genome sequence assembly and covers approximately 4,200 bases upstream and 700 bases downstream of approximately 3,500 transcripts with oligos tiled approximately every 100 bases. The two replicate datasets were processed together using the Tilescope software (28) to identify genomic regions that were bound by EBNA1. Default parameters with iterative peak identification were used except that the window size was 100.
